Background: Recording electroencephalography (EEG) from the targeted cortex immediately before and after focal transcranial electrical stimulation (TES) remains a challenge.
Introduction
Transcranial electrical stimulation (TES), delivering alternating or direct currents, is widely used to induce lasting changes of regional activity in the human cortex. [1] [2] [3] [4] Yet the neuromodulatory effects induced by TES are poorly understood and its aftereffects have been shown to be variable. 5 The combination of TES with neuroimaging techniques may help to gain a deeper understanding of how TES "engages" its cortical target and inform the design of more efficacious and reliable stimulation protocols. 6 Here we focus on the combination of TES and electroencephalography (EEG), the high temporal resolution of which renders it possible to trace changes in regional neuronal activity immediately before and after the stimulation session.
Classic bipolar TES electrode arrangements result in rather non-focal current distributions in the brain and the induced current patterns vary substantially between subjects due to inter-individual anatomical differences. 7 More recently, TES set-ups with one central electrode surrounded either by multiple electrodes or by a ring one have been introduced. These pseudomonopolar electrode set-ups (often called "highdefinition" TES) induce more focal and superficial stimulation of the cortex close to the central electrode . 8, 9 Yet it remains still challenging to assess the individual neuronal response to focal TES in the targeted cortex, which might differ substantially across subjects. This prompted us to develop a hybrid EEG-TES approach, which enables EEG recordings from the stimulated cortical site immediately before and after TES.
Material and methods

Participants
Two healthy subjects without any contraindication to TES, after agreeing with written informed consent according to the Declaration of Helsinki, participated in the experiment approved by the Ethics Committee of the Capital Region of Denmark (H15017238). Participants were instructed to look at a fixation point and to minimize eye blinks while sitting in a relaxed position.
Design of the hybrid electrode
For our hybrid EEG-TES approach we used two concentric round rubber stimulation electrodes (Neurocare GmbH, Ilmenau, Germany). The inner, central electrode had a diameter of 34 mm, while the outer electrode had an outer diameter of 100 mm and an inner diameter of 75 mm. A TMS-compatible Ag/AgCl EEG electrode was inserted in a hole (8 mm diameter) cut in the center of the inner electrode (EasyCap GmbH, Herrsching, Germany) ( Fig.1, upper panel) .
Pseudo-monopolar transcranial electrical stimulation
Focal TES was applied to the left pericentral cortex positioning the inner (anode) and the outer (cathode) ring electrodes centered at the C3 position according to the 10-20 EEG electrode system ( The TES protocol consisted of three minutes 20 Hz transcranial alternating current stimulation (TACS) applied at 1.0 and 2.0 mA peak-to-peak amplitude in two different runs, separated by a 10 minutes interval.
EEG recording
The EEG signal was recorded from 10 TMS compatible Ag/AgCl electrodes (EasyCap) placed at F3, F4, C4, P3, P4, T7, T8, Fz, Cz and POz according to the 10-20 system plus the hybrid electrode at C3 ( Fig. 2 upper panel) . For all the 11 EEG electrodes, we used Hi-chloride abrasive electrolyte-gel (EasyCap). The impedances were monitored and kept under 5 kΩ throughout the experiment. The reference and the ground electrodes were placed on the right and left mastoid respectively. The signals were recorded with a TMS compatible EEG system (BrainAmp, Brain Products GmbH, Gilching, Germany) at 5 kHz sampling rate in DC mode, 1 kHz low-pass filter, ±327.68 mV operating range and 10 µV resolution.
The experimental timeline is illustrated in figure 2, upper panel. EEG was recorded continuously before, during and after TACS, but only the EEG data recorded in the absence of TACS were analyzed. Recordings started and ended three minutes before and after TACS, respectively. The cable connecting the inner TES electrode with the stimulator was manually connected shortly before stimulation block and disconnected after the end of the stimulation block and after switching off the stimulator. This prevented any residual noise from the stimulator to affect the EEG recording in the post-stimulation epoch.
EEG analysis
The extraction of the TES cable after stimulation induced a decay artefact affecting EEG between 8 and 63 ms. Windows of 0.5 s recorded after the end of the decay artifact were band-pass (1-100 Hz) and notch filtered (50 Hz). EEG data recorded from each channel were overlaid for visual comparison, showing the EEG signal recorded from the hybrid EEG electrode at C3 as well as the other standard EEG electrodes ( Fig. 2) . Even though the TES and EEG electrodes in the hybrid arrangement were physically separated by the plastic case surrounding the EEG electrode, it was impossible to avoid bridging between the EEG and TES electrodes due to the spread of the paste applied between the electrodes and the scalp. Therefore, compared to the standard EEG electrodes, the hybrid electrode acquired electric potentials from a larger area over the scalp, i.e. from the area covered by the EEG electrode and the internal TES electrode.
We used 3 minutes resting state data in the standard and Hjorth montages 10 to evaluate the ability of the hybrid electrode to record EEG activity in both the time domain, same analysis as above, and the frequency domain, power spectral density (Welch's method with 2 s windows and 50% overlap). Hjorth montages were evaluated over the left (C3 against F3, P3, Cz and T7) and right (C4 against F4, P4, Cz and T8) primary motor areas.
Modelling the electric field distribution in the brain
We performed simulations of the electric field distribution in the brains based on anatomically realistic finite element models (FEM) of the subjects head. 11 We used SimNIBS (version 3.0, www.simnibs.org) for calculating the electric fields in the middle gray matter layer. 12 Calculations were done using the SimNIBS example dataset, whose image acquisition parameters are described in [11] .
Results
In all recording conditions, it was possible to reliably record EEG activity from the C3 hybrid electrode overlying the targeted brain region (Fig. 2) . Due to manual disconnection of the cable from the inner TES electrode, a few seconds elapsed after the end of TACS until clean EEG data could be recorded, ranging from 2.97 to 8.6 s. In both subjects, the temporal evolution and the spectral content of the EEG traces, recorded with the hybrid electrode (red lines), were within the range and comparable in profile to the signals acquired with the control EEG channels (grey lines). This was the case for both the standard electrode montage ( Fig 2B, upper two panels) and the Hjorth montage ( Fig 2B, lower two panels) , at rest and after both stimulation intensities.
Electric field simulations revealed that the TES electrodes of our TES-EEG hybrid set-up induces a normal electric field component similar to that produced by the standard circular electrode without the EEG electrode ( Fig. 1, lower panel) , with relative difference between the field produced by the two electrode types below 1%.
Discussion
We introduce a novel hybrid TES-EEG approach that allows the recording of the EEG signal from the site of stimulation shortly before and after focal pseudo-monopolar TES.
We propose a hybrid electrode, consisting of an EEG recording electrode inserted into the center of a ring electrode for TES ( Fig. 1, upper panel) .
This hybrid approach can be easily implemented in any laboratory, without requiring ear-marked equipment or additional costs. Our approach renders it possible to record EEG data at rest and immediately after TACS, but the same applies to interventional experiments with transcranial direct current stimulation (TDCS). The hybrid TES-EEG approach can also be applied to other multi-electrode TES montages, if the TES electrode arrangement allows the insertion of an EEG electrode. The importance of EEG assessments of the regional TES effects on cortical activity is not restricted only to the focal ring montage. The only limitation is that only one EEG electrode can be placed in one TES electrode, since any adjunctive EEG electrode would bridge with the stimulation electrode. To avoid bridging even between the stimulation and recording electrode, a previous study tested the feasibility of the concurrent TACS/EEG recordings by placing the EEG electrode within a bigger ring-shaped stimulation electrode. 13 In contrast to our approach, that approach can only be implemented for nonfocal montages and it affects the shape of the stimulation electrode, which effects have not been modeled. In our case though, since the hybrid electrode covers a larger surface than standard EEG electrodes, we would suggest not to use it for direct comparison with the activity captured by other EEG electrodes nor for localization procedures.
Nevertheless, the aim of the hybrid electrode is to pick up cortical activity from the targeted cortex shortly after stimulation, which makes it suitable to be employed in future for detecting local neuromodulatory effects of interventional TES.
In our study, the onset of EEG recordings after the end of TES was delayed by a few seconds because we had to manually switch off the stimulator and extract the cable of the central stimulation electrode. This delay could be avoided by implementing an automatized procedure, enabling recordings of EEG activity less than 1 s after the end of TES.
While this was not the focus of this report, it is possible to record the EEG signal continuously also during the stimulation blocks with our hybrid TES-EEG approach, but online recordings will be contaminated by stimulation-induced artifacts.
Hence, "cleaning" procedures that have been introduced in other studies for online TES-EEG recordings will have to be applied to extract online cortical activity with the hybrid electrode. 14
Conclusions
We introduce a hybrid solution for recording the EEG from the same position where TES electrodes are placed. This approach bears great potential for tracing the local cortical response to TES, and thus can tell us more about short-lasting TES effects on cortical circuit activity. At the individual level, this response profile may be used for personalization of "TES dose" tailoring future neuroscientific and therapeutic applications of TES to the individual patient. Lower panel: The EEG recordings shortly after TACS (S1-1 mA 5.3 s; S1-2 mA 2.97 s; S2-1 mA 6.5 s; S2-2 mA 8.6 s). The EEG channel C3 which was inserted into the inner ring of the TES electrode at position C3 is highlighted as red trace. Gray traces are the activity recorded from the other EEG channels. EEG activity is plotted separately for the two subjects (S1 and S2) for each stimulus intensity (1 mA vs. 2 mA peak-to-peak TACS).
Figure Legends
B) The first two rows show windows of 5 s of resting state data for both subjects and the power spectral density estimated on 3 minutes with the acquisition montage (reference on the right mastoid) for standard (grey) and hybrid (red) electrodes. The second two rows show the same as above, but using the Hjorth montage where the average value of the surrounding electrodes has been subtracted from the C4-standard (grey) and C3-hjorth (red) electrodes.
